ADAPT HER2 Radionuclide imaging Indium-111 Gallium-68 DOTA NOTA NODAGA DOTAGA
Introduction
The major advantage of targeted anti-cancer therapeutics, such as monoclonal antibodies and their derivatives, is their selectivity. Molecular recognition of tumor-specific antigens focuses the action on malignant cells and enables a substantial reduction of toxicity to healthy tissues. Human epidermal growth factor receptor type 2 (HER2) is a molecular target for the humanized monoclonal antibodies trastuzumab (Herceptin), pertuzumab (Perjeta) and the antibody-drug conjugate trastuzumab-DM1 (Kadcyla). Treatment using these antibodies significantly improves survival of patients with HER2-positive breast cancer [1, 2] . Still, only patients with HER2 overexpression can benefit from such treatment thus sufficiently high level of expression of the therapeutic target is a precondition for successful treatment [3] . The use of radionuclide molecular imaging of HER2 in disseminated cancer is a non-invasive approach potentially permitting visualization of molecular target expression in all metastases [4] . For nearly 20 years, development of sensitive and specific probes for imaging of HER2 remains one of the important issues to be solved by nuclear medicine [5, 6] . The radiolabeling of therapeutic monoclonal antibodies is a facile way for generation of molecular imaging probes. However, there are two major issues in the use of monoclonal antibodies; slow clearance from blood necessitating several days delay between injection and imaging, and unspecific accumulation in target-negative tumors. Both issues are related to the large size of antibodies. It has been demonstrated earlier that the size reduction of targeting proteins, e.g. the use of antibody fragments improved both sensitivity and specificity of radionuclide imaging [5] . Single domain antibodies, sdAb, with the molecular weight of approximately 15 kDa are currently the smallest immunoglobulin-based imaging probes, which provide very good imaging contrast at the day of injection [7] .
An alternative approach for generation of small proteinaceous imaging probes is the use of engineered scaffold proteins (ESP), such as affibody molecules, adnectins, DARPins and ADAPTs [7] . A scaffold part of ESP provides a rigid support for variable amino acids minimizing the entropic penalty for binders selected using combinatorial libraries. This enables selection of binders with very high affinity (up to picomolar values) to desirable molecular targets. The molecular weight of ESP is typically in the range of 4-15 kDa, which is associated with a small size providing rapid extravasation into tumors. The small size ensures also a rapid clearance of the probes from circulation, which is required for a high contrast and, therefore, sensitivity of imaging. Radiolabeled ESP have demonstrated exceptional imaging contrast at the day of injection both in preclinical and clinical studies [7] . However, only a limited number of ESP have been evaluated for radionuclide imaging applications. Optimization of imaging properties of different ESP is a precondition for their successful application for radionuclide diagnostics.
By utilizing the three-helix scaffold of the albumin binding domain (ABD) of streptococcal protein G, a new type of engineered affinity proteins has been developed [8] . This scaffold protein has been denoted ADAPT (ABD-Derived Affinity ProTein). The ADAPT scaffold contains 46-61 amino acids, i.e. it is sufficiently small for imaging applications. Selections from the library, which was created by randomization of eleven amino acids, provided ADAPTs binding specifically to human epidermal growth factor receptor 3 (HER3) [9] , tumor necrosis factor-α (TNF-α) [10] , and HER2 [11] . For the HER2-binding ADAPT, several variants with different affinities to albumin were selected [11] . To enable rapid blood clearance for use as a radionuclide imaging probe, an ADAPT variant, denoted ADAPT6, which does not bind to albumin, was developed [12] . A proof-of-principle study confirmed the feasibility of specific in vivo imaging of HER2 using ADAPT6 labelled with 111 In and 68 Ga [12] . Several further studies enabled the refinement of the molecular design of ADAPT6-based probes for imaging of HER2. Particularly, the influence of the composition of the histidine-based purification tag [13] and the design of the N-and C-terminus [14, 15] on biodistribution were evaluated. It has also been found that the ADAPT6 provides the best imaging properties when a label is positioned at the Cterminus [16] . Furthermore, increased affinity of an ADAPT6 dimer does not counterbalance the disadvantage of increased size, since the monomeric form of ADAPT6 provides higher tumor uptake and better imaging contrast [17] . Based on these studies, an optimized variant of the imaging probe, (HE) 3 DANS-ADAPT6-GSSC-DOTA, has been developed. The optimization reduced off-target interactions, which resulted in a several-fold increased tumor-to-liver and tumor-to-bone ratios. Since liver and bones are major metastatic sites, the optimized variant should improve HER2 detection in distant metastases.
The optimization was performed for labelling using the radionuclides 111 In (T 1/2 = 2.8 d) and 68 Ga (T 1/2 = 68 min). 111 In decays by electron capture accompanied by emission of gamma-quanta with energies of 171 keV (90%) and 245 keV (94%). This nuclide can be utilized for imaging based on single photon emission computed tomography (SPECT). For economic reasons, SPECT/CT cameras are the most commonly used imaging devices. The long half-life of 111 In permits its delivery world-wide. 68 Ga is a positron emitter (90% of decays), which enables the use of positron emission tomography (PET). PET imaging provides better spatial resolution, imaging sensitivity and quantification accuracy than SPECT, but its use is appreciably more expensive. However, 68 Ga is produced using a long-lived 68 Ge/ 68 Ga generator, which is much cheaper than cyclotron production of other positron emitters. Thus, selection of these nuclides for labelling should provide a facile clinical translation of a radiolabeled ADAPT6.
In previous studies, a maleimido derivative of macrocyclic chelator DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) was used for site-specific labelling of ADAPT6 with 111 In and 68 Ga. DOTA is a very versatile chelator providing thermodynamically stable and kinetically inert complexes with a large variety of metals, which permits its broad use in the radiopharmaceutical chemistry [18] . It has to be noted that stability of radionuclide attachment is only one, although a very important, aspect of selection of an optimal labelling strategy. Coupling of a metal-chelator complex to a polypeptide modifies its surface by changing the distribution of charges and thereby influence the lipophilicity of the water-exposed areas. It has been shown that position of a label and the chemical nature of the chelator as well as the radionuclide can modify binding affinity, internalization rate, and biodistribution properties of both short peptides and scaffold proteins [19] . Such impact of a chelator/radiometal combination is easily conceivable for short peptides, containing eight to ten amino acids. However, this influence is quite pronounced also for affibody molecules, which are similar in size with ADAPT6. The use of different chelators for labelling of affibody molecules with 111 In, 68 Ga, 89 Zr and 99m Tc resulted in noticeable changes in uptake in normal tissues [20] [21] [22] [23] . Furthermore, labelling of the same affibody-chelator conjugate with different nuclides also resulted in different biodistribution properties [22, 24, 25] . Similarly, DOTA-conjugated ADAPT6 had different blood clearance rates and biodistribution profiles when labelled with 111 In or 68 Ga [12, 15] . By gaining knowledge about the influence of the labelling approach, selection of a variant that provides the highest tumor-toorgan rations and, accordingly, the best imaging contrast will be possible.
The goal of this study was to evaluate the biodistribution properties of (HE) 3 DANS-ADAPT6-GSSC site-specifically labelled with 111 In and 68 Ga using maleimido derivatives of the macrocyclic chelators NOTA, NODAGA, DOTA and DOTAGA ( Fig. 1 ) to select the best variants for SPECT and PET imaging.
Materials and methods

Reagents and instrumentation
(HE) 3 DANS-ADAPT6-GSSC-NOTA, (HE) 3 DANS-ADAPT6-GSSC-NODAGA, (HE) 3 DANS-ADAPT6-GSSC-DOTA and (HE) 3 DANS-GSSC-DOTAGA were produced, purified, and characterized based on the method described earlier [15, 26] . 111 In-indium chloride was purchased from Mallinckrodt Sweden AB in the form of 0.01 M hydrochloric acid (HCl). 68 Ga was produced from a 68 Ge/ 68 Ga generator (Eckert and Ziegler) as a solution in 0.1 M HCl. The eluent was collected in fractions of 200 μL, and the highest radioactivity concentration fraction was used for radiolabeling. Buffers were prepared based on common methods from chemicals purchased from Merck (Darmstadt, Germany). For preparation of 0.2 M ammonium acetate, pH 5.5 and 1.25 M sodium acetate, pH 3.6, a Milli-Q water (resistance higher than 18 MΩ × cm) was used. Buffers for conjugation and labeling were purified by removing metal ion contamination using a Chelex 100 resin (Bio-Rad Laboratories, Richmond, USA).
HER2-expressing SKOV-3 ovarian carcinoma and BT-474 breast carcinoma cell lines were obtained from American Type Tissue Culture Collection (ATCC) via LGC Promochem, Borås, Sweden. Trypsin-EDTA solution (0.25% trypsin, 0.02% EDTA in buffer, Biochrom AG, Berlin, Germany) was used to detach the cells from the adherent flask/plate. Ketalar (ketamine, 50 mg/mL, Pfizer, NY, USA), Rompun (xylazin, 20 mg/mL, Bayer, Leverkusen, Germany), Heparin (5000 IE/mL, Leo Pharma, Köpenhamn, Danmark) were obtained commercially.
An automated gamma-counter with 3-inch NaI(Tl) detector (1480 WIZARD, Wallac Oy, Turku, Finland) was used for radioactivity measurements. VDC-405 ionization chamber (Veenstra Instruments BV, The Netherlands) was used for radioactivity measurements for formulation of injection solution. Quantitative analysis distribution in radio-instant thin layer chromatography (radio-ITLC) was performed using Cyclone Storage Phosphor System (Perkin Elmer Sweden AB, Stockholm, Sweden). The identity of the conjugates labeled with 111 In was confirmed by reverse-phase high-performance liquid chromatography (RP-HPLC) on an Hitachi Chromaster HPLC system (Hitachi High-Tech Science Corporation, Tokyo, Japan) using an analytical column (Phenomenex LC Luna 5 µm C18(2) 100 Å, 150 × 4.6 mm, Ea) with a flow rate of 1 mL/min and a gradient of 5-70% B (A: 0.1% trifluoroacetic acid/H 2 O, B: 0.1% trifluoroacetic acid/CH 3 CN) over 15 min.
GraphPad Prism (version 4.00 for Windows GraphPad Software, San Diego California USA) was used for statistical analysis of difference in cellular binding and biodistribution data. A student unpaired, two tailed t-test was used to compare two groups. Difference between uptake of 68 Ga and 111 In in co-injection studies was investigated using paired t-test. For comparison of more than two sets of data in biodistribution studies, a one-way ANOVA with Bonferroni correction for multiple comparisons was used.
Labeling chemistry and in vitro studies
Labeling of chelator-conjugated ADAPT6 with 111 In
For labeling of ADAPT6-GSSC-NOTA, (HE) 3 DANS-ADAPT6-GSSC-NODAGA, (HE) 3 DANS-ADAPT6-GSSC-DOTA and (HE) 3 DANS-ADAPT6-GSSC-DOTAGA with 111 In, 25 µg (4 nmol) of lyophilized chelator-conjugated ADAPT6 variants were reconstituted in 0.2 M ammonium acetate (pH 5.5) and incubated with 50 μL of 111 In solution (40-45 MBq in 0.05 M hydrochloric acid) at 95°C for 40 min followed by challenging with 500-fold molar excess EDTA at 95°C for 20 min. Before animal studies, traces of unbound 111 In were removed from radiolabeled ADAPT6 variants using disposable NAP-5 size-exclusion columns (GE Healthcare, Uppsala, Sweden). Radiochemical yield and purity of conjugates were determined using radio-ITLC. Identity of conjugates was confirmed using HPLC.
Stability of the radiolabeled conjugates was evaluated using radio-ITLC after incubating with a 500-fold molar excess of EDTA at room temperature for 2 h. The experiments were performed in duplicates, for control experiment the conjugates were incubated with PBS.
Labeling of chelator-conjugated ADAPT6 with 68 Ga
For labeling of (HE) 3 DANS-ADAPT6-GSSC-NOTA, (HE) 3 DANS-ADAPT6-GSSC-NODAGA, (HE) 3 DANS-ADAPT6-GSSC-DOTA and (HE) 3 DANS-ADAPT6-GSSC-DOTAGA with 68 Ga, 20 µg (3.2 nmol) of chelator-conjugated ADAPT6 was reconstituted in 40 µL 1.25 M sodium acetate buffer, pH 3.6. 100 μL of eluate containing ∼70 MBq 68 Ga was added to the solution. The mixture was incubated at 95°C for 15 min. Thereafter, tetrasodium salt of ethylene diamine tetraacetic acid (Na 4 EDTA) (30 μL, 10 mg/mL) was added, and the mixture was further incubated at 95°C for 5 min. Labeled conjugates were purified using NAP-5 size-exclusion columns. 1.5 µL was taken for analysis by radio-ITLC, eluted with 0.2 M citric acid. The ITLC was validated by HPLC.
In vitro binding specificity and cellular processing of bound conjugates by HER2-expressing cells
Testing specificity of binding to HER2-expressing cells
For in vitro studies, SKOV-3 and BT-474 cell lines were used. Approximately 1 × 10 6 cells per culture dish were seeded 1 day before experiment. For each chelator-conjugate, a set of six cell dishes was used. The binding specificity was tested by a saturation test. To saturate the receptors, 2.5 mM of unlabeled conjugate was added to 3 of these cell dishes 10 min before adding the labeled conjugate. The labeled conjugates with the concentration of 25 nM were added, and the cells were incubated for 1 h at 37°C. Thereafter, the medium was aspirated, and cells were collected after washing twice with serum free media and detaching by trypsin. Radioactivity was measured in both the pre-saturated and unsaturated cells and percentage of cell-bound radioactivity was calculated.
Affinity determination using LigandTracer
SKOV-3 human ovarian carcinoma cells were seeded on a local area of a cell culture dish (NunclonTM, Size 100620, NUNC A/S, Roskilde, Denmark), as described previously [27] . Affinity of binding of 111 Inlabeled conjugates to HER2-expressing SKOV-3 human ovarian carcinoma cells was measured using LigandTracer Yellow instrument (Ridgeview Instruments AB). The recorded data were analyzed by Interaction Map software (Ridgeview Diagnostics AB) as described previously [27] . This device records kinetic binding and dissociation of radiolabeled tracers on living cells. For proper estimation, two increasing concentrations of each radioconjugate (1 and 3 nM) were used for affinity assay. Analysis was performed in duplicates. Interaction curves were analyzed to determine the affinity and rate constants using Tra-ceDrawer evaluation software.
Cellular processing of conjugates bound to cancer cells in vitro
Processing of labeled conjugates by SKOV-3 and BT-474 cells during continuous incubation was investigated according to a method described earlier [26] . The labeled ADAPTs (protein concentration of 25 nM) were added to petri dishes containing 10 6 cells per culture dish. The cells were incubated at 37°C, 5% CO 2 in a humidified atmosphere. At predetermined time points (1, 2, 4, 8 and 24 h for 111 In and, 1, 2 and 3 h for 68 Ga after addition), the media from 3 dishes was removed and the cells were washed twice with ice-cold serum-free medium. After treating the cells with 0.5 mL 0.2 M glycine buffer containing 4 M urea, pH 2.5, for 5 min on ice, the solution was collected. The cells were washed with an additional 0.5 mL glycine buffer and the fractions were pooled together (acid wash fractions). This fraction was considered as membrane-bound radioactivity. The cells were then incubated at 37°C for at least 40 min with 0.5 mL 1 M NaOH. The alkaline solution was collected, the cell dishes were washed additionally with 0.5 mL NaOH and the alkaline fractions were pooled (base wash). This fraction was considered as internalized radioactivity. The radioactivity was measured and percentage of internalized radioactivity was calculated for each time point.
In vivo studies
Animal experiments were performed in agreement with national legislation on laboratory animal protection and were approved by the Ethics Committee for Animal Research in Uppsala (Permit Number: C4/ 2016). Efforts were made to minimize suffering of animals. Euthanasia was performed under ketamine/xylazine anesthesia.
Targeting properties and specificity of labeled ADAPTs were investigated in female BALB/C nu/nu mice bearing SKOV-3 xenografts. HER2-positive xenografts were established by subcutaneous implantation of 10 7 SKOV-3 in hind legs. For HER2-negative controls, 5x10 6 Ramos cells were subcutaneously implanted. The average animal weight was 18 ± 1 g at the time of experiments. The average weight of xenografts was 0.38 ± 0.16 g and 0.35 ± 0.27 g for SKOV-3 and Ramos, respectively.
Targeting properties of 111 In-and 68 Ga-labeled ADAPT6 conjugates were compared by injection of mixture of both labels in the same mice. The labeled conjugates were formulated for co-injection based on the total injected protein mass of 10 μg per mouse. Biodistribution in mice bearing SKOV-3 xenografts was measured at 3 and 24 h p.i. Biodistribution in mice bearing Ramos xenografts was measured at 3 h p.i. For animals sacrificed at 3 h after injection, 700 kBq 68 Ga-labeled ADAPT6 and 10 kBq 111 In-labeled probe were mixed. For animals sacrificed at 24 h after injection, only 30 kBq of 111 In-labeled probe was used. Mice were sacrificed by i.p. injection of a lethal dose of anesthesia (ketamine, 10 mg/mL; xylazine, 1 mg/mL, 20 μL/g body weight) followed by heart puncture and exsanguination. Blood and organ samples were collected and weighed. Radioactivity of each nuclide in each sample was measured according to a previously described method [22] . These values were used to calculate uptake of 111 In-and 68 Ga-labeled ADAPT6 as percent of injected dose per gram tissue (%ID/g).
Imaging
Mice bearing SKOV-3 xenografts were injected with the best chelator-conjugate labeled with 68 Ga, 68 Ga-(HE) 3 DANS-ADAPT6-GSSC-NODAGA (10 μg, 5 MBq) and 68 Ga-(HE) 3 DANS-ADAPT6-GSSC-NOTA (10 μg, 4.5 MBq). Whole body PET scans were acquired using nanoScan PET/MRI (Mediso Medical Imaging Systems) at 3 h p.i. PET scans were performed for 30 min followed by CT examination at the same bed position using nanoScan SPECT/CT(Mediso Medical Imaging Systems). CT acquisition was performed using the following parameters: CT-energy peak of 50 keV, 670 µA, 480 projections, 5.2 min acquisition time. The PET data were reconstructed into a static image using the Tera-Tomo™ 3D reconstruction engine. The CT raw data were reconstructed using filtered back projection. PET and CT files were fused and analyzed using Nucline 2.03 Software (Mediso Medical Imaging Systems) and were presented as maximum intensity projections (MIP) in RGB color scale. For quantitative uptake evaluation, PET and CT data were fused and analyzed using PMOD v3.510 (PMOD Technologies Ltd., Zurich, Switzerland) and ROI were drawn manually at 50% of maximum uptake in tumors and kidneys.
Results
Protein production, purification, conjugation, and characterization
(HE) 3 DANS-ADAPT6-GSSC was successfully produced in E. coli, harvested, and purified to homogeneity. The purified protein was efficiently conjugated with four different chelators, maleimide-NOTA/ NODAGA/DOTA/DOTAGA, and their molecular weights were confirmed by mass spectrometry ( Table 1 ). The final purity for all constructs was determined to be above 98% by reverse-phase high-performance liquid chromatography ( Supplementary Fig S.1) . Circular dichroism measurements showed high α-helical content (Supplementary Fig S.2) , and high and equal melting temperatures for all conjugates ( Table 1 ). All constructs also demonstrated excellent refolding ability after thermal denaturation ( Supplementary Fig S.2) . The affinities were determined using surface plasmon resonance to 1.0 nM, 3.3 nM, 4.5 nM and 2.2 nM for (HE) 3 DANS-ADAPT6-GSSC-NOTA, (HE) 3 DANS-ADAPT6-GSSC-NODAGA, (HE) 3 DANS-ADAPT6-GSSC-DOTA and (HE) 3 DANS-ADAPT6-GSSC-DOTAGA, respectively (Table 1) . These values are comparable with the affinity value for the parental ADAPT6 molecule (2.5 nM) [12] . 
Radiolabeling and label stability.
The radiochemical yields of labeling for 111 In-and 68 Ga-labeled NOTA, NODAGA, DOTA and DOTAGA conjugates of (HE) 3 DANS-ADAPT6-GSSC were 92.5 ± 0.7%, 95 ± 1.4%, 82 ± 1.4% and 95 ± 2.8%, and, 79 ± 21%, 95 ± 4%, 36 ± 15% and 66 ± 29%, respectively. Size-exclusion chromatography purification provided a radiochemical purity of more than 99% and 96% for 111 In-and 68 Galabeled conjugates respectively. Apparent molar activity of 111 In-labeled conjugates was up to 11 GBq/μmol, and of 68 Ga-labeled conjugates up to 20 GBq/μmol. No release of radioactivity under challenge with 1000-fold excess of EDTA during 2 h was detected for any of the conjugates, as the differences between the control samples were within accuracy of the analytical method.
In vitro binding specificity and cellular processing of bound conjugates by HER2-expressing cells
The results of the specificity test for all 111 In-and 68 Ga-labeled conjugates binding to HER2-expressing cells are presented in Fig. 2 . There was significantly lower binding (p < 5 × 10 −5 ) of all eight conjugates to the HER2-expressing SKOV-3 and BT-474 cells (Fig. 2 ) treated with a large excess of non-labeled constructs. This demonstrated that the binding was saturable and indicated preserved binding specificity after radiolabeling of conjugates.
Affinity of binding to living HER2-expressing cells
The LigandTracer sensorgrams of the binding of all 111 In-labelled ADAPT6 variants to living cells ( Supplementary Figs. S3 and S4) were best fitted to a 1:2 interaction model according to Langmuir. This indicates the presence of two types of interactions, one in the picomolar range and another in the low nanomolar range. Dissociation equilibrium constant (K D ) values for the interaction between 111 In-labelled ADAPT6 variants and HER2-expressing SKOV-3 cells are presented in Table 2 .
Data concerning binding and processing of 111 In-and 68 Ga-labeled conjugates are presented in Figs. 3 and 4 . The results show that the pattern was very similar for all conjugates and independent of cell line. The binding was rapid during the first hour of incubation with labeled conjugates, however, the increase of cell-bound radioactivity was slower thereafter. Internalization rate was quite slow for all variants. The internalization pattern of the conjugates tested in this study was in agreement with the data obtained earlier [26] .
In vivo studies
Biodistribution of 111 In-conjugates and 68 Ga-conjugates in BALB/C nu/nu mice bearing SKOV-3 xenografts is shown in Fig. 5 and Table 3 . The specificity of HER2 targeting in vivo was demonstrated by the use of HER2-negative Ramos xenografts (Fig. 5 ). The uptake of all 111 In-conjugates and 68 Ga-conjugates in SKOV-3 xenografts was significantly (p < 0.0005) higher in SKOV-3 than in Ramos xenografts, which indicated HER2-dependent accumulation.
All 68 Ga-and 111 In-conjugates demonstrated efficient clearance from blood and low uptake in normal organs and tissues except kidneys ( Table 3 ). Uptake of radioactivity in tumor exceeded by far the uptakes in any normal tissues except kidneys. High uptake in kidneys is typical for small scaffold proteins, indicating glomerular filtration with subsequent re-absorption. The chelators had no profound influence on tumor uptake. The tumor uptake value of 111 In-conjugates was slightly, but significantly (p < 0.05) higher for NOTA than for DOTAGA at 24 h after injection.
The conjugates demonstrated profoundly different uptake in normal tissues (Table 3 ) resulting in a noticeable difference in tumor-to-organ ratios ( Table 4 ). The use of the tetraaza chelators DOTA and DOTAGA for labelling with 111 In provided faster clearance from blood and normal tissues at both studied time points. Consequently, these chelators provided the highest tumor-to-organ ratios, since the tumor uptakes were similar. Notably, the liver uptake for 111 In-labeled DOTAconjugated ADAPT6 was significantly lower than for the DOTAGAconjugated variant (p < 0.05). Accordingly, DOTA provided the highest tumor-to-liver ratio at 24 h after injection (72 ± 23 vs 39 ± 7 for 111 In (HE) 3 DANS-ADAPT6-GSSC-NODAGA).
The difference between the 68 Ga-labeled conjugates was not as pronounced as in the case of 111 In. 68 Ga-(HE) 3 DANS-ADAPT6-GSSC-NODAGA provided significantly higher tumor-to-blood and tumor-toliver ratios compared to DOTA-and DOTAGA-conjugated counterparts.
Imaging
The results of the small animal PET/CT imaging are presented in 
Discussion
ESP are rather new types of imaging probes and so far, structureproperties relationships have been studied in details only for one class of ESP-based agents, affibody molecules. Importantly, these probes share only one common feature, a rigid scaffold. The primary, secondary and tertiary structures may differ substantially among the different ESP, and the chemical nature of the surface exposed amino acids in the various scaffolds are very different, which results in different biodistribution features. For example, the substitution of a hexahistidine tag by a histidine-glutamate (HE) 3 -tag in affibody molecules resulted in a six-fold decrease in hepatic uptake [28] . The same substitution in DARPins resulted only in a three-fold decrease [29] . For ADAPT6, this effect was negligible [13] . Thus, information concerning structure-properties relationship for one ESP cannot be directly translated to the molecular design of another, but rather suggests which factors should be investigated. One such factor is the combination of a radionuclide and a chelator for its coupling to the ESP.
The goal of this study was to test the hypothesis that a combination of the commonly used macrocyclic chelators with the frequently used radionuclides, 111 In and 68 Ga, would result in radiolabelled (HE) 3 DANS-ADAPT6-GSSC conjugates having different biodistribution profiles. Maleimido derivatives of the macrocyclic chelators NOTA, NODAGA, DOTA and DOTAGA were site-specifically conjugated to a unique cysteine at the C-terminus of the protein, and conjugates were purified to a high purity (above 98%, Supplementary Fig. S1 ). The radiolabeling was very efficient, and the use of size-exclusion chromatography provided high radiochemical purity. Due to kinetic inertness, radiolabeling using macrocyclic chelators often requires elevated temperatures. This might be associated with the risk of protein denaturation. However, an important feature of ADAPTs is their rapid refolding at physiologic temperature [8] , a feature demonstrated to be true also for the specific conjugates of this study ( Supplementary Fig  S2) . Indeed, all variants preserved specific binding to HER2-expressing cell lines in vitro after labelling (Fig. 2) and had similar affinity to HER2 ( Table 2 ). The measurements of kinetics of binding to and dissociation from living cells using LigandTracer suggest that there are two different types of interactions between ADAPT6 variants and receptors. This phenomenon has been observed earlier for targeting proteins binding to dimerizing tyrosine kinase receptors [14, 16, 23] , and might be associated with conformational changes caused by homodimerization of HER2 on the cells surface.
For short octapeptide somatostatin analogues, the internalization rate depends on the combination of the radionuclide and the chelator used for labelling [30] [31] [32] [33] . The difference in internalization rate was essentially not pronounced for ADAPT6 variants (Figs. 3 and 4) . This is understandable when the difference in size is taken into account. In short peptides, the radiometal complex is a rather large part of the entire molecule and thereby it would possibly have a greater effect on the behavior of the peptide. This might not be the case for ADAPTs, which constitutes the main part of the imaging probe.
In vivo, all conjugates accumulated in human tumor xenografts in a HER2-specific manner (Fig. 5 ). The tumor uptake values were in a narrow range for all conjugates (Table 3 ). (HE) 3 DANS-ADAPT6-GSSC-NOTA tended to provide higher tumor uptake, but the difference was significant (p < 0.05) only with the uptake value for (HE) 3 DANS-ADAPT6-GSSC-DOTAGA. Tumor accumulation depends mainly on the hydrodynamic radii and the affinity of polypeptides [34] . Since these parameters are similar for all studied conjugates, the consistency in the tumor uptake values are not surprising.
There was however a profound difference between uptakes in normal tissues (Table 3 ) resulting in a striking difference in tumor-toorgan ratios ( Table 4 ). For 111 In, the use of the tetraaza chelators DOTA and DOTAGA was associated with the most rapid clearance from blood and normal tissues at both studied time points. Accordingly, these chelators provided the highest tumor-to-organ ratios, since the tumor uptakes were similar. The tumor-to-organ ratios were similar for 111 In-(HE) 3 DANS-ADAPT6-GSSC-DOTA and 111 In-(HE) 3 DANS-ADAPT6-GSSC-DOTAGA, but the DOTA-containing variant provided significantly (p < 0.05) higher tumor-to-liver ratio at 24 h after injection (72 ± 23 vs 39 ± 7, respectively). Such a difference would enable better imaging of HER2-expression in small hepatic metastases frequently encountered in patients with breast and gastric cancers. Better imaging of such metastases is important, and 111 In-(HE) 3 DANS-ADAPT6-GSSC-DOTA would be the preferable conjugate for SPECT imaging. In the case of 68 Ga label, the difference was not as pronounced as in the case of 111 In. Still, 68 Ga-(HE) 3 DANS-ADAPT6-GSSC-DOTA was not the best variant, having higher uptake in liver and spleen compared to other counterparts. The best performing conjugate among the gallium-labelled constructs was 68 Ga-(HE) 3 DANS-ADAPT6-GSSC-NO-DAGA, providing significantly higher tumor-to-blood and tumor-toliver ratios compared to DOTA-and DOTAGA-conjugated counterparts.
High imaging contrast is an important precondition for sufficient sensitivity of radionuclide diagnostics. Particularly, it is important for imaging of small metastases. When the size of an imaged object is similar or less than the spatial resolution of the camera, the image will be blurred due to the so called partial volume effect (PVE) [35] . Therefore, the tumor-to-background ratio must be extremely high for imaging of small tumors [36] . While tumor uptake of the targeting protein is determined by size and affinity, the uptake in normal tissues is dependent on off-target interactions, including transient binding to blood proteins. The difference in charge between different radiometal-chelator complexes influences such off-target interactions, and results in different uptake in normal tissues. Moreover, the geometry of complexes of different nuclides with the same chelator might be different, which also influences the binding to blood and normal tissues. This might have a dramatic effect on short peptides, such as RGD derivatives or somatostatin and bombesin analogues [33, 37, 38] . However, influences of radiometal-chelator complexes has also been observed in larger ESP, including anti-HER and anti-EGFR affibody molecules [21, 25] . This study exemplifies that the chelator-radiometal combination is apparently essential for ADAPTs as well.
Earlier, it has been demonstrated that the off-target interactions of monoclonal antibodies in vitro might be used for screening to identify antibodies with unusually fast clearance from blood [39] . To evaluate if this also was possible here, we analyzed the correlations between unspecific binding of the radiolabeled ADAPT6 variants in vitro and its uptake in normal tissues in vivo ( Supplementary Fig. S5-S8 ). There was a surprisingly high correlation between unspecific binding of the different 111 In-labeled variants to SKOV-3 cells and its uptake in normal tissues ( Supplementary Fig. S5 ). However, the correlation for BT-747 cell was somewhat lower. Furthermore, there was a very poor correlation for 68 Ga-labeled conjugates for all organs except liver and spleen. Overall, a correlation between unspecific binding in vitro and tissue uptake was reasonable only for liver and spleen (Fig. 7) . Thus, due to the multitude of different interactions in vivo the influence of off-target interactions is very difficult to predict a priori which makes structure- property relationship studies in vivo, as the presented one, necessary to select the best tracers for each clinical imaging modality.
Conclusions
Combination of a radionuclide and a chelator for its conjugation has a strong influence on uptake of ADAPT6 in normal tissues. This results in appreciable variation in tumor-to-organ ratios. The best variant for SPECT imaging is 111 In-(HE) 3 DANS-ADAPT6-GSSC-DOTA while the best variant for PET imaging is 68 Ga-(HE) 3 DANS-ADAPT6-GSSC-NODAGA. Studies concerning influence of labelling strategy on biodistribution are necessary to select a nuclide/chelator combination providing maximum sensitivity in imaging of molecular therapeutic target using radiolabeled engineered scaffold proteins.
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